The Use of In Situ X-Ray Diffraction, Optical Scattering and
Resistance Analysis Techniques For Evaluation of Copper
Diffusion Barriers in Blanket Films and Damascene

Structures
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Copper wiring is quickly becoming the choice in
the semiconductor industry to replace aluminum wir-
ing’. As the industry approaches the 0.1 um linewidth
generation of chips copper will allow for improved
electromigration resistance? and thus reliability, as well
as improved conductivity’. Copper has been most
widely integrated using a dual damascene* and elec-
troplated deposition® approach. One concern is that Cu
easily diffuses through dielectrics and will act as a deep-
level trap in Si¢, degrading the performance of CMOS
transistors. It is therefore important to have a thin diffu-
sion barrier’” between Cu and the dielectric. In the pub-
lished literature there have been many papers discuss-
ing barriers that are thermally stable and have good
conductivity, such as Ta®"2, TiW8, TaSiN'*'> and TiN&"16,
The techniques used to determine the effectiveness of
Cu diffusion barriers have generally been employed ex
situ, after the structure has been annealed. Electrical
techniques such as capacitance-voltage measure-
ments, diode measurements and sheet resistance mea-
surements, along with electron and x-ray diffraction,
and Auger, RBS and SIMS analysis are some of the
ways barrier failure has been determined. Instead of
this rather slow evaluation process, we describe here
the use of three different in situ techniques, employed
simultaneously, to determine Cu diffusion barrier fail-
ure temperatures. In situ x-ray diffraction, optical scat-
tering and sheet resistance analysis as a function of
temperature are used to rapidly evaluate Ta, Ti,WV
Ta, Si,,N,, and TiN barriers between Cu and Si.

Copper diffusion barrier films, 21 to 24 nm thick,
were deposited in two different magnetron sputtering
systems. The Ta,Si N,, films were reactively (N, and
Ar plasma) co-sputtered from Ta and Si targets in an
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ultra high vacuum deposition system. The Ta, TiN and
Ti,W,, films were deposited in a high vacuum, MRC
643, side scan system from planar targets. The TiN
film was reactively deposited and the Ti, W, film was
deposited from a W(10 at.% Ti) alloy target. A 200 nm
Cu layer was deposited on top of the various barrier
layers, without breaking vacuum.

The diffusion barrier films described above were
deposited either as blanket films on Si substrates or in
patterned damascene features. The blanket films de-
posited on single crystal Si were evaluated with in situ
x-ray diffraction and optical scattering analysis, whereas
those deposited on 150 nm polycrystalline-Si were
evaluated with the additional technique of in situ sheet
resistance analysis. Submicron damascene features
were formed using x-ray lithography together with stan-
dard Si processing techniques. The resulting structures
had 0.6 um SiO, / Si sidewalls and Si(100) bottoms
with widths ranging from 0.23 to 0.62 um (aspect ratios
0.97 to 2.6) and lengths from 5.1 to 80 um. The inci-
dent x-ray and laser spot size on the patterned fea-
tures encompassed one half to one million damascene
structures.

Copper diffusion barrier failure was studied in blan-
ket films and damascene features, described above,
using three different in situ techniques (Fig. 1), con-
ducted simultaneously, while the samples were an-
nealed in nitrogen at a temperature ramp rate of 3 °C/s
from 100 to 1000 °C. The analysis was completed at
the National Synchrotron Light Source, Brookhaven
National Laboratory on beamline X20C". A schematic
of the x-ray diffraction technique is depicted in Fig. 1a.
An incident x-ray beam which passed through a wide-
bandpass, artificial multilayer monochromator gave an
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energy resolution of 1.5% at 6.9 keV (A =0.1797 nm)
with an average flux of 3 X 10'2 photon/s. Aset of beam
defining slits provided an incident x-ray spot size of 2X2
mm on the sample surface. As the samples were an-
nealed, the diffracted x-ray intensity was monitored
using a linear, position sensitive detector. The detector
covered a two theta range from 46 to 56°, from which
data was collected every 0.5 s (1.5 °C). The range was
chosen such that the Cu(111) and Cu silicide reflec-
tions could be simultaneously monitored. Temperature
was monitored using a k-type thermocouple, which was
calibrated using eutectic melting points of various met-
als in contact with Si for an accuracy of +/- 3 °C.

The second in situ technique, optical scattering, is
depicted in Fig. 1b. A chopped HeNe laser beam is
brought into the annealing chamber through a fiber optic
cable and is then focused through a lens onto the
sample surface at an incidence angle of 65°, forming a
spot size of 1X2 mm. The scattered intensities are
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Figure 1. Schematic representations of the analysis tech-
niques used to evaluate copper diffusion barriers. The tech-
niques include (a) in situ x-ray diffraction, (b) in situ optical
scattering and (c) in situ sheet resistance analysis.
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measured using two bare fibers positioned at 50° and -
21°, allowing for measurement of lateral length scales
of 5 and 0.5 um, respectively. For detection of only the
chopped HeNe light scattered from the sample surface,
lock-in amplifiers are used with Si photodiodes and in-
terference filters, which remove background light at
other wavelengths. With the optical scattering tech-
nique, not only surface roughness changes but also
changes in index of refraction that barrier failure may
cause (coexistence of multiple phase/composition do-
mains), will lead to changes in the scattered intensity.

The last in situ technique used, Fig.1c, is a four-
point probe sheet resistance measurement as a func-
tion of temperature. Four spring-loaded Ta probes ar-
ranged approximately in a square geometry maintain
contact with the sample surface, while 25 mA of cur-
rent pass through two of the probes, and voltage is
measured across the other two. This allows for a rela-
tive sheet resistance measurement that is scaled us-
ing a room temperature, absolute measurement made
with a fixed in-line four-point probe geometry.

The method used for determining the Cu diffusion
barrier failure temperatures from the in situ x-ray dif-
fraction analysis is shown in Fig. 2. For this example a
Ta barrier layer between Cu and poly-Si is annealed.
The x-ray detector is placed such that the Cu(111) and
Cu silicide reflections are present in the selected two-
theta range. This two-theta range, from 48 to 54°, is
plotted as a function of the annealing temperature (Fig.
2a), where contours and color indicate the diffracted x-
ray intensity. Low intensity is indicated by blue shading
and higher intensity is indicated by red shading. As is
evident from the plot, the Cu(111) peak starts decreas-
ing in intensity at about 720 °C as the Cu silicide peak
grows in intensity. In order to determine the barrier fail-
ure temperature, two-theta ranges are taken around
each x-ray reflection, as indicated by the white lines.
Figure 2b represents a plot of the summed logarithm
of x-ray intensity as a function of temperature for both
the Cu(111) and Cu silicide two-theta ranges. Again, it
is evident that at about 720 °C the Ta barrier starts to
fail and that the midpoint in the failure occurs at about
732 °C. The final step for determination of a failure tem-
perature consists of taking the derivatives, maximum
change in x-ray intensity, of the curves in Fig. 2b. The
derivatives of the Cu(111) and Cu silicide integrated x-
ray intensity curves as a function of temperature are
shown in Fig. 2c. The temperature at which maxima
(Cu(111)) and minima (Cu silicide) occur in the deriva-
tive curves allow us to compare failure between barrier
types and underlying structures. For the Ta barrier, as
indicated by this method, failure occurs at 728 and 735
°C for the appearance of the Cu silicide reflection and
disappearance of the Cu(111) reflection, respectively.
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Figure 2. In situ x-ray diffraction showing diffusion barrier fail-
ure for a blanket tantalum thin film between copper and poly-
crystalline silicon. The film was annealed at 3 °C/s from 100
to 1000 °C in nitrogen. The plots show (a) x-ray intensity as a
function of two-theta angle and temperature, (b) summed x-
ray intensity as a function of temperature and (c) the deriva-
tive of summed x-ray intensity as a function of temperature.

The analysis methods used to determine barrier
failure with the in situ techniques of optical scattering
and sheet resistance are depicted in Fig. 3. This analy-
sis was conducted simultaneously with x-ray diffrac-
tion analysis shown in Fig. 2 for a blanket Ta barrier on
poly-Si. Normalized sheet resistance as a function of
temperature is shown in Fig. 3a (solid curve) where a
deviation from the typical linear behavior for a metal
film starts to occur at about 710 °C indicating the start
of barrier failure. Also plotted (dashed curve) is the
derivative of the sheet resistance as a function of tem-
perature. The first and highest maxima indicates the
temperature at which the maximum resistance increase
has occurred and is recorded as the barrier failure tem-
perature (729 °C). Elastic light scattering as a function
of temperature is shown in Fig. 3b (solid curves) for
two different lateral length scales, 0.5 and 5 um. The
intensities for both length scales start to increase at
about 720 °C indicating changes in surface roughness
and/or index of refraction due to barrier failure. The
derivatives of the optical curves are plotted (dashed
curves) and again the maxima are recorded as the fail-
ure temperatures. The failure temperatures from the
optical analysis are 742 and 747 °C for the 0.5 and 5
um length scales, respectively.
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Figure 3. This figure shows (a) in situ sheet resistance analy-
sis as a function of temperature and (b) in situ optical scatter-
ing as a function of temperature at two different length scales
(0.5 and 5 um). The analysis was conducted simultaneously
with the x-ray diffraction analysis (Fig. 2). The respective de-
rivatives are shown as dashed curves on the plots.

The barrier failure temperatures found by the three
in situ techniques correlate well, as shown in Table 1.
The table is divided into failure temperatures determined
on blanket films (on the left) versus patterned dama-
scene features (on the right). The blanket film category
is further divided into failure on poly-Si versus Si(100).
For the failure temperatures as determined by x-ray
diffraction the temperatures for the Cu(111) peak dis-
appearance and Cu silicide peak appearance are av-
eraged together, and likewise for the optical scattering
the failure temperatures found with both length scales
are averaged together. Concentrating on the left side
of the table the average standard deviation in barrier
failure temperatures between the x-ray, resistance, and
optical techniques on poly-Si is 10 °C and that on
Si(100) (no resistance analysis) is 11 °C. The average
difference between x-ray and optical techniques for the
patterned damascene structures is 3 °C (temperature
measurement error in all cases +/- 3 °C).

The trends in barrier failure as a function of line
length and aspect ratio in the damascene features are
shown in Fig.4. The features analyzed for Fig. 4b var-
ied in linelength but had a constant linewidth of 0.33
um and aspect ratio of 1.8. The plot indicates that the
barrier failure temperatures are independent of the
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length. When the failure temperatures are plotted (Fig.
4a) as a function of aspect ratio (linewidth 0.23 to 0.62
um) it becomes clear that as the aspect ratio is in-
creased (linewidth decreased) the barrier failure tem-
peratures decrease. This trend is consistent for all the
barriers except the TiN, which shows an increase in
failure temperature at the largest aspect ratio. At the
higher aspect ratios it is expected that with the con-
ventional magnetron sputtering process, used to de-
posit the barriers, the coverage on the damascene
structures sidewalls and corners will decrease, caus-
ing lower barrier failure temperatures, as observed.

In summary, three different in situ techniques, x-
ray diffraction, optical scattering, and sheet resistance
analysis, measured as a function of temperature, are
all effective in the rapid determination of Cu diffusion
barrier failure temperatures. From this work, it was
found that the order of increasing effectiveness of the
Cu diffusion barriers studied is Ta <Ti,W,, < Ta,Si N,
< TiN. It was also shown that when the barriers were
used in damascene structures the barrier failure tem-
perature was independent of the damascene structure
length, but did depend on the aspect ratio (structure
width). For all barriers except TiN, the diffusion barrier
failure temperature decreased with increasing aspect
ratio (decreasing structure width).
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Figure 4. Barrier failure temperatures comparing Ta, TiW, TaSiN and TiN
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of (a) aspect ratio and (b) structure length.

Table 1

Blanket Films Patterned Features

s X-Ra Optical Resistance X-Ray Optical
PolySI/Si(100) o to cc) o to
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Polymer Chain Relaxation: Surface Outpaces Bulk
W, E Wallace', D. A Tischer', K Efmenko!, W. L. W, and []. Genzex!

The time scale that controls polymer chain relax-
ation has taken on a new importance as the paradigm
for polymer innovation evolves from three dimensions
to two." Nanotechnology initiatives, involving the de-
sign and fabrication of highly confined polymer layers,
drive the need for a comprehensive description of chain
dynamics, as bulk polymers become thinner and more
surface-like. In this study we apply near-edge X-ray
absorption fine structure (NEXAFS)?® to measure di-
rectly both surface and bulk segmental relaxation
throughout a uniformly deformed polystyrene slab.
Using this methodology, in a single experiment, chain
relaxation is found to occur almost 50% faster at the
surface than in the bulk.

Rectangular samples (12.5 x 12.5 x 6 mm), pre-
pared by vacuum hot-pressing at 150 °C monodisperse
polystyrene (M,, = 228,000 g/mole), were placed into
a steel channel die and uniaxially elongated at room
temperature along one of the long dimensions to about
130% of their original length. This sample preparation
allowed us to examine true bulk samples as encoun-
tered in practice and to avoid thin film effects that may
alter the free surface behavior.* Partial electron yield
(PEY, kinetic energy > 150 eV) and fluorescence yield
(FY, carbon K 277 eV) carbon K-edge NEXAFS inten-
sities, with probing depths of approximately 2 and 200
nm, respectively, were recorded simultaneously at the
NIST/Dow Materials Characterization end-station
(beamline U7A at the National Synchrotron Light
Source, Brookhaven National Laboratory).® For each
sample, PEY and FY were measured with the incident
polarized X-ray beam normal to the sample surface and
at two azimuthal sample orientations: with the electric
field vector, E, parallel (¢ = 0°) and perpendicular
(6 = 90°) to the elongation direction as shown in Fig. 1.
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Orientation of the chain backbone was determined
by monitoring the C=C phenyl ring 1s — ©,* NEXAFS
resonance intensity at 285.5 eV,*° which involves the
excitation of carbon 1s electrons to the unfilled p*
antibonding orbitals of the phenyl ring. Enhancement
ofthe 1s — =, * resonance intensity was observed when
E was parallel to the elongation direction. Since the
phenyl ©* orbitals are oriented normal to the phenyl
rings, and the phenyl rings, free to rotate around the
pendant bond, will have a component normal to the
chain axis, the intensity of the n* signal has been shown
to be an unambiguous signature of backbone orienta-
tion.® This orientation, seen both in the PEY and the
FY NEXAFS signals of the elongated samples, provides
clear evidence of chain orientation at the outset of the
experiment. A direct measure of the chain relaxation
rates at the surface and in the bulk can be obtained by
defining an orientation factor, OF (see Figure 2 cap-
tion) that is evaluated from the time dependence of the
1s — m,* resonance intensity in the PEY (relative un-
certainty + 0.01%) and FY (relative uncertainty + 0.05%)
NEXAFS spectra, respectively, during annealing. Fig-
ure 2 shows that while the OF for both surface and
bulk chains decays as a function of increasing anneal-
ing time at 60 °C,” the surface orientation is initially
greater and decays faster than for the bulk. Fitting the
decay rates to exponential functions gives characteris-
tic time constants of approximately 33 and 50 minutes
(with corresponding R? values of 0.90 and 0.91) for the
surface and the bulk, respectively.

These results show conclusively that polystyrene
surface chain relaxation dynamics are significantly
faster than the bulk. Our results are in accord with
recent theory predicting that collective motion on chain
loops extended to the sample surface is responsible
for a rapid increase of chain mobility near the surface
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region of the film (top = 5 nm).2 The finding that the
polystyrene surface segmental mobility greatly outpaces
the bulk is expected to be a universal property of poly-
meric chains profoundly influencing the design, process-
ing, and application of polymeric materials.
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Figure 1. The schematic details the sample geometry for
the incident polarized soft X-ray beam normal to the poly-
styrene sample surface with the elongation direction paral-
lel to E (¢ = 0°). The insets represent chain configurations
in oriented (before annealing) and unoriented (after anneal-
ing) elongated samples.
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Figure 2. Time evolution of the orientation factor, OF, from
an elongated (oriented) polystyrene sample reveals that
when annealed at 60 °C the surface chains relax to an equi-
librium (unoriented) configuration faster than the bulk chains.
OF is calculated from (I” -1 i)/(I” +1,), where III and |, are the
1s — n,* resonance NEXAFS intensities collected with the
sample elongation direction parallel (¢ = 0°) and perpendicu-
lar (6 = 90°) to the electric vector of the soft X-ray beam, E,
respectively. The blue circles denote OF from the partial
electron yield NEXAFS signal (surface region) and the red
circles represent the fluorescence yield NEXAFS signal (bulk
region), measured simultaneously. The closed and open
circles depict OF evaluated from data collected on elon-
gated specimens and those not subjected to elongation, re-
spectively. The solid lines represent exponential decay fits
to the experimental data on the elongated samples; the rate
decay constants are reported in the text.
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